To investigate the temporal response of the liver to insulin and portal glucose delivery, somatostatin was infused into four groups of 42-h-fasted, conscious dogs ( n ϭ 6/group), basal insulin and glucagon were replaced intraportally, and hyperglycemia was created via a peripheral glucose infusion for 90 min (period 1). This was followed by a 240-min experimental period (period 2) in which hyperglycemia was matched to period 1 and either no changes were made (CON), a fourfold rise in insulin was created ( 
Introduction
Net hepatic glucose uptake (NHGU) 1 is negligible in the presence of hyperinsulinemia and hyperglycemia, when the latter results from a peripheral glucose infusion (1) (2) (3) . In humans, the combination of hyperglycemia (175-225 mg/dl in arterial plasma) and hyperinsulinemia (40-55 U/ml in arterial plasma) produced rates of net splanchnic glucose uptake of 1.0-1.6 mg/kg/min (2, 3) . In the dog, arterial plasma glucose levels of 160-290 mg/dl and insulin levels of 35-384 U/ml resulted in rates of NHGU of 1.0-2.9 mg/kg/min (1) . These results demonstrate that the combination of hyperinsulinemia and hyperglycemia cannot account for the peak rates of NHGU (up to 7.5 mg/kg/min) present after the ingestion of glucose in either humans or the dog (1, (4) (5) (6) (7) (8) (9) . In addition to the rise in insulin and glucose, meal ingestion also produces a rise in the portal vein glucose level that is greater than the glucose level in the arterial circulation. This gradient of glucose is specific to the postprandial setting and is not present when glucose is infused into a peripheral vein. Several studies have clearly demonstrated that this negative arterial-portal glucose gradient (or portal signal) can increase NHGU in the presence of hyperglycemia and hyperinsulinemia to rates that are comparable to those observed after glucose ingestion (1, 10) . In this context, the portal signal allows the liver to distinguish between ingested and internally derived glucose.
After the ingestion of a high-carbohydrate-containing meal, the liver switches rapidly ( Ͻ 15 min) into net glucose uptake (4) . This shift to glucose uptake suggests that one or more of the above signals can rapidly induce net glucose uptake by the liver. Although insulin and glucose levels rise rapidly after a meal, the hepatic actions of hyperglycemia and hyperinsulinemia are relatively slow in onset (11, 12) . Indirect evidence that the portal signal may rapidly activate liver glucose uptake is suggested by the fact that the augmentation of NHGU produced by the portal signal is abolished in dogs that have undergone complete hepatic surgical denervation (13) . If the hepatic response to portal activation involved a neural loop, one would predict that both the transmission of the signal and the hepatic response would be rapid. Thus, in addition to its role in alerting the liver to the presence of ingested glucose, the portal signal may induce the rapid shift of the liver into glucose sequestration after meal ingestion. One aim of this study was to directly compare the time course in the transition of liver glucose metabolism (output to uptake) in response to glucose, insulin, and the portal signal.
Hepatic glycogen repletion after a meal occurs by both a direct pathway through glucose-1-phosphate and uridine diphosphate glucose and an indirect pathway utilizing gluconeogenic precursors (14) . The contribution of the direct pathway to hepatic glycogen synthesis has been estimated to be between 35 and 70% (14-19) . Some studies have suggested that the gluconeogenic precursors used for glycogen synthesis via the indirect pathway may arise within the liver from glucose carbon that is glycolyzed and converted back to glycogen (19) . The ability of the portal signal to augment NHGU in the presence of hyperglycemia and hyperinsulinemia suggests that it may also be an important regulator of hepatic glycogen synthesis from both of these pathways. The second aim of this study was to investigate the ability of the portal signal to cause hepatic glycogen accumulation and to determine the extent to which activation of hepatic glycogen synthase occurred in response to glucose, insulin, and the portal signal.
Methods
Animals and surgical procedures. Studies were carried out on 52 42-h-fasted, conscious mongrel dogs of either sex, weighing between 24 and 30 kg. A fast of this duration was chosen because it produces a metabolic state resembling that in the overnight-fasted human (the liver exhibits net lactate uptake) and results in liver glycogen levels in the dog that are at a stable minimum (20) . All animals were maintained on a diet of meat (Kal Kan, Vernon, CA) and chow (Purina Lab Canine Diet No. 5006; Ralston Purina Co., St. Louis, MO) composed of 34% protein, 14.5% fat, 46% carbohydrate, and 5.5% fiber based on dry weight. The animals were housed in a facility which met American Association for Accreditation of Laboratory Animal Care guidelines, and the protocol was approved by the Vanderbilt University Medical Center Animal Care Committee. Approximately 16 d before study, each dog underwent a laparotomy under general anesthesia (pentobarbital sodium 25 mg/kg, or isoflurane 0.8%) during which catheters were inserted into a hepatic vein, the hepatic portal vein, and a femoral artery as described in detail elsewhere (1, 8) . Catheters were also placed in a splenic and a jejunal vein. Doppler flow probes (Instrumentation Development Laboratories, Baylor College of Medicine, Houston, TX) were placed around the portal vein and the hepatic artery (21) . The catheters were filled with saline containing heparin (200,000 U/liter; Abbott Laboratories, North Chicago, IL), their free ends were knotted, and they, along with the free ends of the Doppler leads, were placed in a subcutaneous pocket so that complete closure of the incisions was possible.
Approximately 2 d before study, blood was drawn to determine the leukocyte count and the hematocrit of each animal. The dog was studied only if it had a leukocyte count Ͻ 18,000/mm 3 , a hematocrit Ͼ 35%, a good appetite as evidenced by consumption of all of the daily ration, and normal stools.
On the morning of the study, catheters and Doppler leads were exteriorized from their subcutaneous pocket using local anesthesia (20 grams/liter Lidocaine; Astra Pharmaceuticals, Worcester, MA). The contents of each catheter were aspirated, and the catheters were flushed with saline. The splenic and jejunal catheters were used for intraportal infusion of insulin and glucagon (Eli Lilly & Co., Indianapolis, IN), glucose, and p -aminohippuric acid (PAH; Sigma Immunochemicals, St. Louis, MO). PAH was used to assess mixing of glucose in the portal and hepatic veins during intraportal glucose infusions. Portal vein, hepatic vein, and femoral artery catheters were used for blood sampling. Angiocaths (Deseret Medical, Becton Dickinson, Sandy, UT) were inserted into the left cephalic vein for H-glucose and indocyanine green infusion (Hynson, Westcott, and Dunning, Baltimore, MD), the right cephalic vein for peripheral glucose infusion, and the right saphenous vein for somatostatin (Bachem California, Torrance, CA) and PAH infusions. Each dog was allowed to stand quietly in a Pavlov harness for 20-30 min before beginning an experiment.
Experimental design. Each experiment consisted of a 120-min basal period (0-120 min), a 90-min hyperglycemic control period (period 1; 120-210 min), and a 240-min experimental period (period 2; 210-450 min) (Fig. 1) . In all experiments, a constant infusion of indocyanine green dye (0.1 mg и m
) and a primed (40 Ci), continuous (0.60 Ci/min) infusion of HPLC-purified d - [3- 3 H]-glucose were initiated at 0 min. In addition, a constant peripheral infusion of PAH (1.7 mol и kg
) was started at 0 min and was continued throughout the study unless indicated below. At 120 min, a constant infusion of somatostatin (0.8 g и kg Ϫ 1 и min Ϫ 1 ) was begun to suppress endogenous insulin and glucagon secretion, and constant intraportal infusions of insulin (1.8 pmol и kg Ϫ 1 и min
) and glucagon (0.65 ng и kg
) were established to maintain basal levels of both hormones. In addition, a peripheral glucose infusion was started to produce hyperglycemia (arterial plasma levels of ‫ف‬ 180 mg/dl). The peripheral glucose infusate was spiked with HPLC-purified d - H]-glucose to a specific activity that was estimated to be similar to the plasma glucose specific activity at the end of the basal period (based on historical controls). During period 1 (120-210 min) the constant tracer infusion that was initiated at 0 min was reduced by 50% in all groups to compensate for the reduction in hepatic glucose production that occurs as a result of hyperglycemia (8, 22 ). This tracer infusion was completely shut off in experiments in which hyperinsulinemia was created during period 2 (i.e., hyperinsulinemic, hyperglycemic [INS] and combined hyperinsulinemia and portal glucose infusion [INSPo] groups, see below). In the control protocol hyperglycemia was maintained in the presence of basal levels of insulin for an additional 240 min (210-450 min, hyperglycemic control group [CON], n ϭ 6). Three additional experimental protocols were carried out. The first evaluated the effect of a selective induction of the portal signal (portal glucose infusion group [Po], n ϭ 6). Basal insulin levels were maintained, but a constant intraportal glucose (19.6 mol и kg Ϫ 1 и min Ϫ 1 )/PAH infusion (PAH mixed with 20% dextrose in such a way that the PAH infusion rate was 1.7 mol и kg Ϫ 1 и min Ϫ 1 ) was initiated at 210 min and the peripheral glucose infusion was reduced to maintain comparable hyperglycemia at the liver to that in CON. The peripheral PAH infusion was discontinued at 210 min. The portal glu- cose infusate also contained d - H]-glucose to a specific activity that was equivalent to that of the peripheral glucose infusate. In the second protocol the effect of a selective rise in insulin was evaluated (INS, n ϭ 6). A fourfold rise in insulin was created (intraportal infusion of 7.2 pmol и kg
) at 210 min and hyperglycemia at the liver was maintained via adjustments in the peripheral glucose infusion rate. In the third protocol the combined effect of insulin and the portal signal was evaluated (INSPo, n ϭ 6). A fourfold rise in insulin was brought about at 210 min in combination with an intraportal glucose/PAH infusion at the rate noted earlier. Hyperglycemia at the liver was again maintained via the peripheral glucose infusion. The peripheral PAH infusion was discontinued at 210 min.
In separate experiments ( n ϭ 6/group) the protocols used for CON, Po, and INS were followed exactly as described above but were terminated at 240 min (i.e., 30 min into the experimental period).
Femoral artery, portal vein, and hepatic vein blood samples were taken every 15 min during the final 30 min of the basal period (90-120 min) and period 1 (180-210 min), giving three estimates of hepatic substrate and tracer balance in each period. During period 2 (210-450 min) blood samples were taken at 15-min intervals for the first 60 min and every 30 min during the final 180 min. Arterial blood samples were also taken every 5-10 min throughout periods 1 and 2 to monitor the glucose level. The total volume of blood withdrawn did not exceed 20% of the animal's blood volume, and two volumes of normal saline were infused for each volume of blood withdrawn. The methods for collection and processing of blood samples have been described previously (19) . The arterial and portal vein blood samples were taken simultaneously, and hepatic vein samples were collected ‫ف‬ 30 s later to compensate for transit time of glucose through the liver (23).
After completion of each experiment, the animal was killed with an overdose of pentobarbital or with Beuthanasia-D, and a tissue sample from each of the seven liver lobes was rapidly frozen with clamps kept in liquid nitrogen (entire procedure required Ͻ 4 min). The tissue was stored at Ϫ 70 Њ C for later analysis of glycogen and glycogen synthase. Liver glycogen and glycogen synthase measurements were not significantly different among the lobes of a given animal.
Analytical procedures. Six determinations of the glucose concentration were made on each plasma sample using the glucose-oxidase method (24) in a glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). Plasma glucose radioactivity was determined by liquid scintillation counting after deproteinization and evaporation to remove 3 H 2 O. Blood concentrations of glucose (quadruplicate) and lactate (duplicate) were determined on perchloric acid extracts using an autoanalyzer (Technicon Instruments Corp., Tarrytown, NY) according to the method of Lloyd et al. (25) . PAH concentrations were determined in triplicate on perchloric acid extracts of blood according to the method of Brun (26). The immunoreactive glucagon concentration in plasma samples to which 500 KIU/ml Trasylol (FBA Pharmaceuticals, New York) had been added was determined with Unger's 30K antiserum (27) , with an interassay coefficient of variation (CV) of 14%. Immunoreactive insulin was measured as described previously (28) , with an interassay CV of 11%. Liver glycogen concentration was determined according to the method of Chan and Exton (29) . Liver glycogen synthase was determined using the method described by Nuttall and Gannon (30) . Indocyanine green was used to estimate hepatic blood flow according to the method of Leevy et al. (31) . Doppler-determined hepatic blood flow was obtained using an ultrasonic, range-gated, pulsed Doppler flow meter designed by Hartley et al. (21) .
Calculations and data analysis. Hepatic blood flow was estimated using both indocyanine green dye and Doppler flow probes as described previously (32, 33) . These two independent techniques yielded similar values (see Results), and Doppler-determined hepatic blood flow was used in data calculation. The distribution of hepatic blood flow obtained from Doppler measurements was 80% in the portal vein and 20% in the hepatic artery during the control period; and 78% in the portal vein and 22% in the hepatic artery during periods 1 and 2. These data are consistent with previous work that demonstrated that somatostatin, at the dose used, does not significantly affect hepatic blood flow in the dog (10, 13, 32, 33) .
When glucose is infused into the slow, laminar flow of the portal venous circulation, mixing of the blood and glucose can be problematic. PAH, a substance not extracted by the liver (verified by using the peripheral PAH infusion) or erythrocytes, was mixed with the intraportal glucose infusate; and the recovery of PAH across the liver was measured as described previously (33) . Mixing in the hepatic vein was assessed by comparing the PAH infusion rate with the difference between the rate of PAH exiting the liver and the rate of PAH entering the splanchnic bed through the arterial system: ; where A and H represent femoral artery and hepatic vein, respectively, and HBF represents hepatic blood flow. Mixing in the portal vein was assessed in a similar fashion:
; where P represents the portal vein blood concentration, and PBF represents portal blood flow. The ratio between the recovery of intraportally infused PAH and the actual intraportal PAH infusion rate was calculated and used as an index of mixing of the intraportal glucose infusate with the blood entering and exiting the liver. Because of the magnitude of the CV of the method for assessing PAH balance, samples were considered statistically unmixed (Ͼ 95% confidence that mixing did not occur) if hepatic or portal vein recovery of intraportally infused PAH was 40% greater or less than the actual amount of PAH infused (33) .
Table I. Assessment of Mixing Based on the Ratio of Portal or Hepatic PAH Balance to the PAH infusion Rate in 42-h-fasted, Conscious Dogs during the Experimental Period of the Portal and Insulin/Portal Protocols
In Table I , mixing data for the experimental period are provided for the portal and insulin/portal groups (i.e., the two groups in which portal glucose infusion was used). Seven animals were studied in each of these groups and one animal from each group was rejected because of poor mixing during the experimental period. Poor mixing was defined as a ratio Ͼ 1.4 or Ͻ 0.6 at three or more of the time points in the experimental period (measurements were made at 10 time points). In the 12 studies included in the data base for the portal and insulin/ portal groups, the infusate failed to mix with the blood Ͻ 10% of the time (i.e., average of less than one sample per study). More importantly, when mixing errors did occur, they were random. As a result, no data points were excluded from the data base when the experiment as a whole was included.
The hepatic substrate load was calculated directly as:
;
where C represents the substrate concentration in blood, and ABF represents the hepatic artery blood flow. In glucose balance calculations, plasma glucose values were converted to whole-blood values by using a correction factor (CF) obtained by averaging the ratio of the whole-blood glucose value to the plasma glucose value at each time point throughout the study. A separate CF was established for each sampling site in each dog. Mean CFs were 0.71Ϯ0.01 for the artery, 0.71Ϯ0.01 (control and experimental period when a peripheral glucose infusion was used) and 0.69Ϯ0.01 (experimental period when portal glucose infusion was present) for the portal vein, and 0.70Ϯ 0.01 for the hepatic vein. For the artery and hepatic vein, one CF was used for the entire study, since the ratios between whole blood and plasma glucose were found to be the same in the control and experimental periods. Calculations performed with plasma glucose values converted to blood glucose values gave almost identical results to those performed with blood glucose values per se, but the variance was reduced because of the accuracy of plasma arterio-venous differences, which do not require a deproteinization step. The use of whole blood glucose ensures accurate hepatic balance measurements regardless of the characteristics of glucose entry into the erythrocyte. To circumvent any potential errors arising from either incomplete mixing of glucose in the circulation during intraportal glucose infusion or lack of precise measurements of the distribution of hepatic blood flow, a second, indirect method of calculating the hepatic glucose load was used:
; where G represents the blood glucose concentration, GIR Po represents the glucose infusion rate into the portal vein, and GUG represents the uptake of glucose by the gastrointestinal tract. GUG was calculated based on the previously described relationship between the arterial blood glucose concentration and GUG (33) . The load of a substrate exiting the liver was calculated as:
.
Net hepatic glucose balance (NHGB) was calculated by two separate methods as described previously (10, 33) . In the first, referred to as the direct calculation:
In the second, referred to as the indirect calculation:
In these calculations, a positive value indicates net output. In the text, hepatic glucose load and NHGB using the indirect calculation are provided. However, it should be noted that the estimate of NHGB
was similar regardless of which method was used in calculations. For other substrates, the direct calculation was used to calculate net balance. The net balance of glucose equivalents across the liver was calculated as the sum of the balances of NHGB I and lactate, once the latter was converted to glucose equivalents.
Rates of glucose production (Ra) and utilization (Rd) were assessed by isotope dilution during the basal period (34) . During periods 1 and 2 Ra and Rd were estimated using a modification of the Steele equation as described previously (34) (35) (36) . During the experimental periods endogenous glucose production (Endo Ra) was estimated by subtracting the rate of exogenous glucose infusion from the total glucose Ra. Since the liver can simultaneously remove and produce glucose, the absolute rate of glucose uptake (hepatic glucose uptake or HGU) was calculated in two ways. In the first, HGU was calculated as the difference between endogenous glucose Ra and NHGB. In the second, the balance of d- [3- 3 H]-glucose across the liver was used to calculate HGU exactly as described for unlabeled glucose, except that plasma concentration and plasma flow measurements were used. These calculations assume that there is minimal release of tracer glucose by the liver. Similar to unlabeled glucose, tracer balance measurements were unaffected by the means of calculation (i.e., direct versus indirect).
All data are presented as meansϮSEM. Statistical comparisons were made using repeated measures ANOVA. Statistical significance was accepted at P Ͻ 0.05. (Table II) . Arterial and portal glucose levels and the arterial-portal plasma glucose gradient were similar among groups during the basal period and period 1 (Table III) . During period 2 arterial and portal glucose levels were similar in the CON and INS groups (Table III) . In Po and INSPo during period 2 arterial glucose levels were ‫ف‬ 5% lower and portal glucose levels were ‫ف‬ 8% higher than CON and INS due to the presence of the intraportal glucose infusion. Thus, the intraportal glucose infusion produced a negative arterial-portal plasma glucose gradient of ‫ف‬ Ϫ1.19 mM and thereby presented the liver with the portal signal.
Results

Plasma insulin, glucagon, glucose, arterial-portal glucose gradient, and hepatic blood flow. Plasma insulin levels in the artery
Doppler-determined hepatic blood flow was 31.6Ϯ2. Ϫ1 during the same time period. Hepatic glucose load and total glucose infusion rate. The hepatic glucose load was similar both within and among groups throughout the study (Fig. 3) . During the control period the hepatic glucose load averaged 123 molиkg (Fig. 4) . Net hepatic glucose output was reduced during period 1 to similar average values of 0.5Ϯ3.1, 1.6Ϯ2.7, Ϫ0.7Ϯ1.9, and Ϫ1.7Ϯ1.8 molиkg Ϫ1 иmin Ϫ1 in CON, INS, Po, and INSPo groups, respectively (Fig. 4 , negative value denotes uptake). In CON, net hepatic glucose balance was similar during periods 1 and 2 (range ϭ 1.0 to Ϫ2.6 molиkg Ϫ1 иmin Ϫ1 ). In Po, net hepatic glucose balance during period 2 rapidly switched to uptake and was at a maximum (Ϫ13.0Ϯ3.7 molиkg Table IV . In Po this contribution was between 60 and 89% throughout period 2. In INS the net contribution of the liver to the removal of infused glucose was 18% at 15 min of period 2 and increased to values ranging from 24 to 43% thereafter (P Ͻ 0.05 vs. Po and INSPo). In INSPo the liver's contribution was highest during the first 30 min of period 2 (70-79%) and decreased thereafter to values ranging from 37 to 61%. In Fig. 5 plasma glucose SA is presented for the basal, hyperglycemic control, and experimental periods. Inclusion of the spiked exogenous glucose infusion minimized changes in the glucose SA. In general, the glucose SA rose slightly but not significantly (P Ͼ 0.05) from the basal period to period 1 in all groups. There was a small additional nonsignificant (P Ͼ 0.05) rise in the glucose SA during period 2 in INS and INSPo.
Endo Ra was similar among groups during the basal period and period 1 (Table V) . In both CON and Po, Endo Ra was also similar between periods 1 and 2 (Table V) , thus the presence of the portal signal did not result in any further suppression of hepatic glucose production. In contrast, the presence of hyperinsulinemia produced essentially complete suppression of Endo Ra during period 2 in both INS and INSPo (Table V) . HGU was only slightly increased by hyperglycemia alone (basal compared with period 1) but was significantly (P Ͻ 0.05) increased when hyperglycemia was combined with either hyperinsulinemia or the portal signal (Table V) . The combination of hyperinsulinemia and the portal signal did not produce an additive increase in HGU (Table V) .
Net hepatic lactate balance and the net balance of glucose equivalents across the liver. During the basal period, rates of net hepatic lactate uptake were Ϫ7.9Ϯ1.6, Ϫ9.4Ϯ0.8, Ϫ6.8Ϯ2.2, and Ϫ6.9Ϯ2.9 molиkg Ϫ1 иmin Ϫ1 in CON, INS, Po, and INSPo, respectively (Fig. 6 ). Net hepatic lactate uptake was reduced by hyperglycemia in all four groups (Fig. 6 ). In CON lactate balance across the liver was essentially zero during period 2. Peak rates of net hepatic lactate output were achieved 45 min into period 2 in both INS (12.2Ϯ4.9 molи kg ) were not observed in Po until 90 min into period 2 (Fig. 6) .
The net balance of glucose equivalents across the liver reached a maximum of Ϫ 10.7Ϯ1.9 molиkg ) maximal rates were not observed until 60-120 min of period 2 (Fig. 6) .
Liver glycogen concentration and glycogen synthase activity. Terminal liver glycogen levels were significantly (P Ͻ 0.05) increased in INS, Po, and INSPo compared with CON (Table VI) . Terminal liver glycogen synthase activity was significantly (P Ͻ 0.05) increased in INS and INSPo only (Table  VI) . The complementary relationship between the portal sig- nal and insulin is illustrated by comparing the effect of the portal signal on liver glycogen and glycogen synthase activity in the presence (INSPo versus INS) and absence of hyperinsulinemia (Po versus CON). In the absence of hyperinsulinemia the portal signal resulted in an increment in liver glycogen of 44 mol/gram and glycogen synthase of 2.1%, whereas in the presence of hyperinsulinemia the portal signal produced increments of 50 mol/gram and 2%.
In Table VII the increment in liver glycogen concentration and glycogen synthase activity is presented after either 30 or 240 min of period 2. In INS ‫ف‬ 10% of the total increment in liver glycogen occurred over the first 30 min, whereas in Po ‫ف‬ 35% of the total increment occurred over this same time period. The increment in liver glycogen synthase activity was greater after 30 min in both INS and Po compared with the increment in synthase activity observed at 240 min.
Discussion
The liver is an important site of glucose removal after a meal (1, 8, 13, 18, 33, 37, 38) . Several studies have demonstrated that the combination of hyperglycemia, hyperinsulinemia, and intraportal glucose infusion (portal signal) can produce rates of NHGU that are comparable with rates observed after glucose ingestion (32, 39, 40) . This study sought to define the relative importance of these three variables to the time course of induction of NHGU and to determine their respective abilities to activate liver glycogen synthesis. The results demonstrate that under hyperglycemic conditions the portal signal, in contrast to insulin, produced a rapid ‫ف(‬ 15 min) stimulation of NHGU. Further, it produced activation of glycogen synthase Values are average for six animals in each group. Percent contribution was calculated as NHGU divided by the total glucose infusion rate.
Where net hepatic glucose balance was positive (i.e., net glucose output), the net contribution of the liver was taken as zero. and glycogen accumulation in the absence of hyperinsulinemia. In contrast, a fourfold rise of insulin, brought about in the presence of hyperglycemia but in the absence of the portal signal, had a slowly ‫ف(‬ 90 min) developing effect on liver glucose and glycogen metabolism. This was the case even though the rates of NHGU and liver glycogen accumulation that eventually developed were equivalent in the two groups. The combination of hyperinsulinemia, hyperglycemia, and the portal signal produced rates of NHGU and glycogen accumulation that were significantly greater than when hyperglycemia was combined with either the portal signal or hyperinsulinemia alone. After a glucose-or high-carbohydrate-containing meal the liver is very rapidly presented with increased levels of glucose and insulin via the portal venous system. The liver's response to this increase in substrate and hormone delivery is to rapidly switch from net glucose production to net glucose removal (4, 19) . However, several studies have demonstrated that insulin action on the liver develops slowly (11, 12) . Further, combination of hyperinsulinemia and hyperglycemia in the absence of a portal signal fails to produce rates of NHGU that approach those observed after glucose ingestion (13, 32, 40) . Thus, the liver requires a signal that is associated with meal ingestion to activate NHGU rapidly and completely. The results from this study clearly demonstrate that portal glucose infusion generates such a signal. The portal signal is produced when the glucose level in the portal vein is elevated above that in the arterial system, a condition that is specific to meal ingestion. The rapid response of the liver to this signal suggests that it provides a way to tightly match glucose absorption (entry of glucose into the portal circulation) to liver glucose uptake and to thereby reduce or minimize perturbations of glucose in the systemic circulation.
For the same average concentration of glucose entering the liver, the portal vein glucose level is higher during intraportal glucose delivery than it is during a purely peripheral glucose infusion. Thus, it may seem that increased rates of NHGU after intraportal glucose delivery are simply the result of the larger load of glucose in the portal vein per se, and not a portal signal. However, two previous studies demonstrate that this is not the case (10, 33) . Thus, when portal vein glucose levels were equated, rates of NHGU remained significantly higher during intraportal glucose infusion compared with peripheral glucose infusion. Our previous data clearly establish that increased rates of NHGU in response to intraportal glucose delivery are the result of a signal that is generated by the gradient of glucose between the portal vein and the arterial system (10, 33) . The dramatic response of liver glucose uptake to the small 8% increase in the portal vein glucose concentration (when compared with the control and insulin groups) produced by the intraportal glucose infusion in the present study supports Values are meansϮSEM for six animals in each group. P1 and P2 denote periods 1 and 2. A negative value for NHGB represents net uptake. HGU in the table is depicted as the difference between Endo Ra and NHGB. *Significantly (P Ͻ 0.05) different from insulin and insulin/ portal groups. Figure 6 . Net hepatic lactate balance (top) and net balance of glucose equivalents across the liver (bottom) in 42-h-fasted, conscious dogs during the control, insulin, portal, and insulin/portal protocols (n ϭ 6 for each). The net balance of glucose equivalents is calculated as the sum of the net balances of glucose and lactate, the latter converted to glucose equivalents. Data are meansϮSEM.
our previous work, and confirms the importance of the gradient of glucose between the arterial and portal venous systems in regulating NHGU. In this study a fourfold rise in insulin, created in the presence of hyperglycemia but in the absence of the portal signal, produced rates of NHGU that were eventually similar to those seen with the portal signal. However, the time required to achieve this rate was significantly greater with insulin than with the portal signal. In addition, the response of the liver to hyperinsulinemia was different from the response of the liver to the portal signal. During period 1, hyperglycemia alone (i.e., without the portal signal) reduced hepatic glucose production (Endo Ra; Table IV) by ‫ف‬ 50% in all groups (average value of 10.7Ϯ0.9 molиkg Ϫ1 иmin Ϫ1 in the basal period to 5.3Ϯ0.8 molи kg Ϫ1 иmin Ϫ1 in period 1). Net hepatic glucose balance during period 1 was essentially zero, therefore hepatic glucose uptake (calculated as the difference between hepatic glucose production and net hepatic glucose balance) was ‫4.5ف‬ molи kg (Table III) . This rate of NHGU was achieved through both an increase in hepatic glucose uptake and further suppression of hepatic glucose production. In contrast, the increase in NHGU that occurred in response to the portal signal was caused solely by an increase in hepatic glucose uptake. These data imply that the portal signal exerts its effect primarily via stimulation of uptake processes in the liver and that hyperinsulinemia can serve a complementary role to that of the portal signal through its ability to both suppress hepatic glucose production and stimulate hepatic glucose uptake.
Although we (10, 13, 32, 33, 38) and others (40, 41) have demonstrated previously that the portal signal can increase NHGU, the fate of the extra glucose taken up by the liver in response to this signal was not directly measured. It is important to address this issue since glucose can have multiple fates within the liver (i.e., glycogen, carbon dioxide, glycolytic products, pentose phosphate cycle, and lipid). This study demonstrates that the portal signal, in the presence and absence of hyperinsulinemia, can produce both activation of liver glycogen synthase and significant glycogen accumulation. Thus, the portal signal appears to not only divert glucose that enters the portal vein into the liver, but to direct a significant portion ‫)%57ف(‬ of it into glycogen. The remainder appears to primarily leave the liver as lactate.
In this study the net balance of glucose equivalents across the liver was determined based on the combination of glucose and lactate balances (the latter converted to glucose equivalents). This calculation allows one to estimate the net retention of glucose equivalents by the liver and can therefore provide an estimate of the glucose available for glycogen synthesis (assuming all of the glucose retained is converted to glycogen). This calculation does not include the potential contribution of gluconeogenic precursors that are extracted by the liver. Over the course of the 4-h experimental period the net retention of glucose by the liver was ‫ف‬ 9, 62, 46, and 95 mmol in the control, insulin, portal, and insulin/portal groups, respectively. Based on an average liver weight of 660 grams the amount of glycogen that could accumulate over this time period would be 13, 95, 70, and 144 mol/gram liver in the four groups, respectively. These values are similar to the measured increments in liver glycogen found in Table V . Taken together these results suggest that most of the glucose equivalents retained by the liver were diverted into glycogen and were not oxidized or stored as fat.
During the first 60 min of period 2 (210-450 min) there was a positive relationship between NHGU and net hepatic lactate production. Thus, net hepatic lactate production was established earlier when the portal signal was present and was largest in the insulin/portal group. This relationship suggests that insulin and the portal signal stimulate net glycolysis directly and/or indirectly, via increased supply of glucose-6-phosphate. The accumulation of glycogen over the first 30 min of period 2 was minimal in the control and insulin group but was significant (22 mol/gram) in the portal group. This difference in glycogen accumulation is consistent with the difference in the net retention of glucose equivalents by the liver among these groups over this time period (Fig. 6) . These results imply that the net supply of glucose and glucose-6-phosphate limits glyco- gen accumulation and that the portal signal facilitates early liver glycogen accumulation via its ability to rapidly stimulate hepatic glucose uptake. The presence of the portal signal maintained net hepatic lactate production over the final 180 min of period 2 (Fig. 6 ). In contrast, net hepatic lactate production waned over this same time period when hyperinsulinemia was present without the portal signal. This waning of net hepatic lactate production, in the presence of continued net glucose uptake, produced a large disparity in the net retention of glucose equivalents between the insulin and portal groups over the final 150 min of period 2. These results suggest that liver glycogen accumulation in response to a fourfold rise in insulin results from the maintenance of increased NHGU coupled with decreased net hepatic lactate production. They also suggest that there is cooperative regulation of liver glycogen accumulation between the portal signal, which produces early accumulation, and insulin, which sustains and maximizes accumulation. The control of liver glycogen synthesis has been studied and debated for many years (for recent reviews see references 12, 39, and 40). In general, net glycogen synthesis from glucose can occur by either a "push" (increased hepatic concentrations of hexose monophosphates which stimulate glycogen synthesis and glycolysis), "pull" (activation of glycogen synthesis and glycolysis which reduces hepatic concentrations of hexose monophosphates), or some combination of "push" and "pull" mechanisms (42) (43) (44) . The present study provides some insight into the effects of insulin and the portal signal on control of liver glycogen accumulation by push and pull mechanisms. A fourfold increase in insulin in the absence of the portal signal resulted in activation of liver glycogen synthase before a significant increase in NHGU (i.e., 30 min into period 2). Activation of glycogen synthase in the absence of increased glucose provision to the hepatocyte implies the presence of a pull mechanism. Identification of push and/or pull mechanisms in response to the portal signal is more difficult since stimulation of NHGU and glycogen synthase was observed at the earliest time points (i.e., 15 min for NHGU and 30 min for glycogen synthase). However, based on the rapid stimulation of NHGU one can envision that push mechanisms must operate initially in response to the portal signal. This suggests that the portal signal may regulate liver glycogen metabolism primarily via push mechanisms and insulin via both pull and push mechanisms. This would support the concept that the portal signal and insulin work in a coordinated fashion to regulate liver glucose and glycogen metabolism.
In 1987, Adkins et al. (32) observed a reduction in glucose uptake by extrahepatic tissues when hyperglycemia from portal glucose delivery was compared with similar hyperglycemia from peripheral glucose delivery. It was suggested that the portal signal not only enhanced hepatic glucose uptake but might also induce peripheral insulin resistance. In the present study the average rate of glucose infusion was similar among groups during period 1 ‫ف(‬ 21 molиkg ). In the portal group the glucose infusion rate did not increase significantly during period 2 despite the fact that NHGU went from Ϫ0.7 molиkg Ϫ1 иmin Ϫ1 in period 1 to ‫ف‬ Ϫ13 molиkg Ϫ1 иmin Ϫ1 in period 2. This result also suggests that extrahepatic net glucose removal was reduced in response to the portal signal and implies that this signal may regulate glucose uptake by both hepatic and extrahepatic tissues. It would appear that the portal signal produces a coordinated regulation of tissue glucose metabolism that ensures adequate provision of glucose to the hepatocyte. It should be emphasized that the decrease in extrahepatic net glucose disposal that was evident in the portal group could not be solely explained by the slightly lower arterial glucose concentrations ‫ف(‬ 0.4 mM) evident in this group compared with the insulin group (that is, glucose clearance was significantly lower in the portal group).
In this study two factors must be considered that could potentially impact on the interpretation of the results. The first is the estimate of liver glycogen accumulation which by necessity must involve two groups of animals (Table VI) . Our estimate is based on the assumption that liver glycogen concentration measured at the end of period 1 reflects the liver glycogen concentration that was present at the end of period 1 in those animals that were studied after period 2. Evidence in support of this assumption comes from the fact that the measured net retention of glucose equivalents by the liver during period 2, tracer estimated rates of glucose incorporation into glycogen (data not shown), and the estimated increment in liver glycogen (Table VI) were not significantly different. In addition, the values for liver glycogen in the group of animals killed after period 1 had a markedly small variance (154Ϯ3 mol/gram; range ϭ 145-161 mol/gram). The similarity of values among animals was probably due to the fact that the animals were fasted for 42 h before the study, a duration of fast that results in liver glycogen levels that are at a stable minimum (20) . Finally, it should be noted that calculation of the increment in liver glycogen using either the minimum or maximum value given above would not change the conclusions of this study.
A second factor that must be considered when extrapolating the present data to postprandial hepatic glucose metabolism was the presence of hyperglycemia before the experimental period (i.e., between 120 and 210 min). The fact that the rates of NHGU in the insulin/portal group from this study are similar to estimates from our previous studies in which hyperglycemia was initiated simultaneously with hyperinsulinemia and the portal signal suggests that the present study design had a minimal impact on the hepatic response (10, 38) . In addition, the rates of NHGU in the insulin/portal group are similar to rates that have been measured after glucose ingestion (4, 40) . It should be emphasized that the hyperglycemic control period (period 1) was required to accurately investigate the time course of induction of NHGU in response to insulin and the portal signal. Without preexisting hyperglycemia this would be impossible since a large portion of glucose uptake after the creation of hyperglycemia would reflect equilibration of glucose between the blood and hepatocyte, and not true glucose uptake.
In summary, the portal signal without hyperinsulinemia can induce a rapid shift of the liver into net glucose uptake. This signal can also increase liver glycogen synthase and lead to glycogen accumulation. It would appear that the portal signal exerts its effects on hepatic glucose uptake (and not glucose production) and may regulate liver glycogen synthesis through its ability to increase glucose provision to the hepatocyte. A fourfold rise in insulin, brought about in the presence of hyperglycemia but in the absence of the portal signal, can produce a rate of NHGU that is eventually similar to that seen with the portal signal. However, the onset of action for insulin is significantly slower than that of the portal signal. In contrast to the portal signal, hyperinsulinemia increases NHGU via effects on both hepatic uptake and production. A fourfold rise of insulin also produces a marked increase in hepatic glycogen synthase and results in glycogen accumulation. The temporal relationships between NHGU, net hepatic lactate release, and activation of glycogen synthase suggest that push mechanisms primarily drive liver glycogen synthesis in response to the portal signal, whereas both push and pull mechanisms operate in response to insulin. It appears that the response of liver glucose metabolism to the combination of hyperglycemia, hyperinsulinemia, and the portal signal represents a summation of their individual actions.
